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CD147, a type I integral membrane protein of the immunoglobulin superfamily, exhibits reversed polarity in retinal
pigment epithelium (RPE). CD147 is apical in RPE in contrast to its basolateral localization in extraocular epithelia. This
elicited our interest in understanding the basolateral sorting signals of CD147 in prototypic Madin-Darby canine kidney
(MDCK) cells. The cytoplasmic domain of CD147 has basolateral sorting information but is devoid of well-characterized
basolateral signals, such as tyrosine and di-leucine motifs. Hence, we carried out systematic site-directed mutagenesis to
delineate basolateral targeting information in CD147. Our detailed analysis identified a single leucine (252) as the
basolateral targeting motif in the cytoplasmic tail of CD147. Four amino acids (243–246) N-terminal to leucine 252 are also
critical basolateral determinants of CD147, because deletion of these amino acids leads to mistargeting of CD147 to the
apical membranes. We ruled out the involvement of adaptor complex 1B (AP1B) in the basolateral trafficking of CD147,
because LLC-PK1 cells lacking AP1B, target CD147 basolaterally. At variance with MDCK cells, the human RPE cell line
ARPE-19 does not distinguish between CD147 (WT) and CD147 with leucine 252 mutated to alanine and targets both
proteins apically. Thus, our study identifies an atypical basolateral motif of CD147, which comprises a single leucine and
is not recognized by RPE cells. This unusual basolateral sorting signal will be useful in unraveling the specialized sorting
machinery of RPE cells.

INTRODUCTION

Epithelial cells have distinct apical and basolateral mem-
brane domains with different protein and lipid composi-
tions. The asymmetry is essential for the multiple vectorial
functions they perform (Rodriguez-Boulan and Nelson,
1989; Yeaman et al., 1999). The polarized protein distribution
results from sorting mechanisms operating in the biosyn-
thetic and recycling pathways that recognize specific sorting
signals in plasma membrane proteins. Structural features
believed to operate as apical sorting signals include glyco-
sylphophatidylinositol anchors (Lisanti et al., 1989), N-gly-
cans (Scheiffele et al., 1995), O-glycans (Yeaman et al., 1997;
Jacob et al., 2000), and protein sequences in the transmem-
brane (Kundu et al., 1996; Lin et al., 1998), or cytoplasmic
domains (Chuang and Sung, 1998; Rodriguez-Boulan and
Gonzalez, 1999; Nelson and Yeaman, 2001). On the other

hand, basolateral signals are formed by short peptide se-
quences usually found in the protein domain facing the
cytosol (Le Gall et al., 1995; Yeaman et al., 1999; Mostov et al.,
2000). They mainly include tyrosine motifs (consensus motif
NPXY or YXXF) as well as di-leucine and di-hydrophobic
residues (Matter et al., 1992; Aroeti et al., 1993; Hunziker and
Fumey, 1994; Simonsen et al., 1997; Bonifacino and
Dell’Angelica, 1999; Rodionov et al., 2000).

Different types of epithelial cells vary widely in the final
distribution of plasma membrane proteins or in the path-
ways that these proteins follow to the cell surface (Keller and
Simons, 1997). Recently some mechanisms that could ac-
count for this variation have become evident. Adaptins have
been identified that recognize tyrosine and di-leucine motifs
and mediate protein sorting at specific subcellular or-
ganelles. Tyrosine-based sorting signals are mainly recog-
nized by the medium (�) subunit of heterotetrameric adap-
tors (AP1–4). In contrast, di-leucine–based sorting signals
are recognized by monomeric Golgi-localized, gamma-ear–
containing, Arf-binding (GGA) adaptors (Heilker et al., 1999;
Bonifacino and Traub, 2003). In some cases the expression of
these adaptins may be tissue specific. Such is the case with
AP1B, which contains an epithelial-specific �1B subunit
(Ohno et al., 1999). LLC-PK1, a cell line originated from the
proximal kidney tubule, does not express this subunit and as
a consequence, missorts a subgroup of basolateral proteins
to the apical surface (Roush et al., 1998; Folsch et al., 1999).
Our past work suggests that AP1B operates in recycling
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basolateral proteins from endosomes, rather than in biosyn-
thetic sorting from the Golgi to the cell surface in LLC-PK1
cells (Gan et al., 2002). However, a recent report by Folsch et
al. (2003) suggests a role of AP1B in sorting basolateral
proteins at an endosomal compartment in the biosynthetic
pathway. It is not clear yet whether these different results
reflect the different model proteins studied in each report.
Expression of distinct complements of plasma membrane
SNAP receptor (SNARE) fusion proteins may also be re-
sponsible for differences in the polarized protein distribu-
tion in various epithelia (Li et al., 2002; Low et al., 2002).

For various physiological reasons, retinal pigment epithe-
lium (RPE) displays several plasma membrane proteins at
the apical surface that are basolateral in extraocular epithelia
(Zinn and Marmor, 1979; Marmor and Wolfensberger, 1998;
Marmorstein, 2001). Examples of this behavior include
Na,K-ATPase (Miller et al., 1978; Okami et al., 1990; Gun-
dersen et al., 1991), neural cell adhesion molecule (NCAM;
Gundersen et al., 1993), monocarboxylate transporter 1
(Philp et al., 1998), and CD147 (Marmorstein et al., 1996).
CD147, a type I membrane protein and a member of the
immunoglobulin superfamily (Stockinger et al., 1997), has
been independently cloned from different species and is also
referred to as human EMMPRIN/M6 (Biswas et al., 1995),
mouse basigin (Miyauchi et al., 1990), chicken 5A11 (Fadool
and Linser, 1993a), avian HT7 (Seulberger et al., 1992), and
rat CE-9 (Nehme et al., 1993). Mice with targeted disruption
of the CD147 gene are blind starting 5 weeks after birth
(Hori et al., 2000) because of deficient photoreceptor devel-
opment and retinal degeneration (Ochrietor et al., 2001,
2002). Significantly, CD147 has a strong expression level in
the retina, especially in the RPE (Neill and Barnstable, 1990;
Fan et al., 1998; Philp et al., 2003). CD147 has also been
implicated in important extraocular functions, such as de-
velopment of the blood-brain barrier, neuronal-glial interac-
tions, and leukocyte activation (Schlosshauer and Herzog,
1990; Kasinrerk et al., 1992; Fadool and Linser, 1993b).
Knockout mice show defects in embryogenesis, spermato-
genesis, and female fertilization (Igakura et al., 1998). It is
likely that at least some of the functions of CD147 are related
to its ability to stimulate matrix metalloproteinases (Biswas
and Nugent, 1987).

In contrast to its basolateral distribution in extraocular
epithelia, e.g., liver, thyroid, kidney (Bartles et al., 1985;
Finnemann et al., 1997), the polarity of CD147 in RPE is
developmentally regulated. From a predominantly basolat-
eral localization in newborn rat RPE at postnatal day 1, it
shifts to a nonpolar distribution at postnatal day 7 and to a
predominantly apical localization in adult RPE (Marmor-
stein et al., 1996). The shift of the bulk of CD147 from the
basolateral to the apical membrane in maturing RPE coin-
cides with maturation of photoreceptors and the interpho-
toreceptor matrix, suggesting a key role of CD147 in the
maintenance of the neural retina. This polarity shift corre-
lates with the expansion of the apical:basolateral surface
ratio to the adult level of 3:1. Quantification of CD147 by
using an eye-cup biotin polarity assay revealed accumula-
tion of three times more CD147 in the apical than in the
basolateral domain, suggesting that CD147 achieves apical
distribution due to asymmetric growth of the adult RPE
plasma membrane and not because of active apical sorting
(Marmorstein et al., 1998a). This led to the suggestion that
maturing RPE cells cease to recognize the basolateral signal
of CD147.

Identifying precisely the targeting domain of CD147 is
crucial to understanding its basolateral location in extraoc-
ular epithelia and the mechanisms utilized by adult RPE

cells to suppress recognition of CD147’s basolateral signal.
Our previous work has suggested that CD147 has dominant
basolateral targeting information in the cytoplasmic tail,
which is highly conserved across species and has a weak
apical signal in the ectodomain (Marmorstein et al., 1998a).
The cytoplasmic domain of CD147 lacks typical tyrosine or
di-hydrophobic consensus motifs. We constructed several
cytoplasmic domain mutants of the C-terminal end by pro-
gressive truncation, internal deletions and point mutations
to map the basolateral targeting signal of CD147 in the
archetype polarized epithelial cell line MDCK. Our results
identify an atypical basolateral determinant in CD147 that
comprises a single leucine.

MATERIALS AND METHODS

Cell Culture
Madin-Darby canine kidney (MDCK) II cells were maintained in DMEM
(Cellgro, Herndon, VA) supplemented with 10% fetal bovine serum (Gemini,
Woodland, CA), 1% glutamine, and 1% penicillin/streptomycin (Cellgro) at
37°C in 95% air/5% CO2 atmosphere. LLC-PK1 cells were maintained in
DMEM supplemented with 5% fetal calf serum, 5% calf serum, glutamine,
nonessential amino acids, and penicillin/streptomycin. Fisher rat thyroid
(FRT) cells were grown in Ham’s F12/Coon’s modified media (Sigma, St.
Louis, MO) supplemented with 5% fetal bovine serum. MDCK cells were
plated on 12-mm (1-cm2 area) Transwell polycarbonate filter units (0.4-�m
pore size; Costar, Cambridge, MA) at a density of 250,000 cells/well and
cultured for 5 days to allow development of polarity. The medium was
changed every other day. Monolayers exhibiting transepithelial electrical
resistance above 100 � � cm2 were used for surface biotinylation and immu-
nofluorescence microscopy. LLC-PK1 and FRT cells were also grown in
similar manner on 12-mm Transwell polycarbonate filters. Human fetal RPE
cells grown in Chee’s essential replacement medium containing 1% bovine
retinal extract (Hu and Bok, 2001) exhibit cell polarization and differentiation
comparable to RPE in vivo. These cells were collected from eyes of human
aborted fetuses of 21 weeks’ gestation. The culture method for obtaining
human RPE cells is as described previously (Frambach et al., 1990; Hu et al.,
1994; Hu and Bok, 2001). The cells were grown on Millicell-PCF filters 0.4-�m
pore size (12 mm; Millipore, Bedford, MA). The tenets of the Declaration of
Helsinki were followed, and the patients (or their guardians) gave consent for
donation of the tissue. Institutional Human Experimentation Committee ap-
proval was obtained for the use of human eyes. ARPE-19 cells, obtained from
ATCC, are a spontaneously arising human RPE cell line that exhibits polar-
ized characteristics when grown on laminin-coated filter supports. (Dunn et
al., 1996, 1998). Cells were grown in Chee’s essential replacement medium
containing 1% bovine retinal extract and polarized by growing on laminin
(BD Biosciences, CA)-coated Transwell filters for 6 weeks (Alizadeh et al.,
2001). A plating density of 250,000 cells/cm2 was used. The medium was
changed twice a week. After 6 weeks, typical transepithelial electrical resis-
tance measurements in ARPE-19 cells were �50 � � cm2.

Site-directed Mutagenesis of Cytoplasmic Tail of CD147
and Generation of Tac Chimeras
A QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA) was
used to introduce stop-codon, deletion, and substitutions in the CD147
cDNA (Rat CE-9, EMBL/GenBank accession no. X67215) in pcDNA3.1
vector (Invitrogen, Carlsbad, CA). The pairs of custom-synthesized com-
plementary mutagenic oligonucleotides were obtained from Sigma-Geno-
sys (Woodlands, TX). Different cytoplasmic domain CD147 constructs
generated are detailed in Figure 2. To determine whether the extracellular
domain of CD147 plays any role in basolateral targeting, a chimera of Tac
(interleukin-2 receptor alpha chain) and CD147 was generated. Tac-CD147
chimera comprises the extracellular domain of Tac, and transmembrane
and cytoplasmic domains of CD147. To generate the Tac-CD147 chimera,
a BglII site was generated upstream of the transmembrane domain of
CD147. The transmembrane and cytoplasmic domains of CD147 were
swapped at a unique BglII site in Tac located upstream of the transmem-
brane sequences of Tac. All the constructs were subsequently sequenced to
verify the intended mutation. DNA sequencing was performed by the
BioResearch Center of Cornell University (Ithaca, NY).

Stable Transfection
MDCK II and LLC-PK1 cells were transfected with constructs of CD147 using
Effectene (Qiagen, Hilden, Germany) according to the manufacturer’s proto-
col. Stable clones were selected and maintained in a selection medium con-
taining 500 �g/ml neomycin on the basis of protein levels monitored by
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Western blotting and immunofluorescence. For each CD147 construct, at least
three independent clones were used to assess polarity.

Transient Transfection of Polarized MDCK and ARPE-19
Cells
We utilized a recently improved technique to transfect polarized epithelial
cells that relies on lipid reagents like Effectene (Tucker et al., 2003). Briefly,
polarized monolayers of MDCK and ARPE-19 cells grown on Transwells
were washed three times with OptiMEM-I medium (Life Technologies, Rock-
ville, MD). DNA-Effectene complex (containing 1 �g DNA, 6 �l enhancer, and
12 �l Effectene diluted in 1.5 ml OptiMEM-I) was added to both apical and
basolateral sides. Cells were incubated with the DNA-Effectene complex for
6 h at 37°C. After 6 h, OptiMEM-I was replaced with regular serum containing
medium. Monolayers were analyzed 48 h posttransfection by fixing cells in
2% paraformaldehyde (PFA). The transfection efficiency was 5–10%, and no
cell toxicity was observed. Transepithelial resistance was identical in control
vs. transfected cells. Immunostaining with E-cadherin (for MDCK cells) and
endogenous CD147, �-catenin (for ARPE-19 cells) was also utilized to deter-
mine whether the monolayers were intact. We transfected MDCK and
ARPE-19 monolayers with GFP-tagged constructs of CD147 (WT) and CD147
(L252A) (EGFP-N1 vector from Clontech, Palo Alto, CA). GFP-tag fused with
the C-terminus of CD147 did not affect the trafficking of CD147 (see Supple-
mentary Material). Additionally, we also used cDNA of Tac-CD147 (WT) and
Tac-CD147(L252A) chimeras and stem cell factor (SCF-GFP; a kind gift from
Dr. Bernhard Wehrle-Haller) for transfection.

Immunofluorescence Microscopy
Cells were fixed in 2% freshly prepared PFA in PBS for 20 min at room
temperature and quenched with 50 mM NH4Cl in PBS containing 1 mM
CaCl2, and 1 mM MgCl2 (PBS/CM). Monolayers growing on Transwell filters
were processed for immunofluorescence by adding antibody both to basal
and apical sides of the filter. For permeabilization either methanol at �20°C
or 0.075% saponin was used. Cells were blocked in PBS/CM containing 0.2%
BSA. The following primary antibodies were used: mAb against the ectodo-
main of rat CD147 (1:1000 dilution; RET-PE2 hybridoma, kindly provided by
Dr. Colin Barnstable), mouse anti-human CD147 (1:1000 dilution; BD Bio-
sciences (Pharmingen), San Diego, CA), �-catenin antibody (1:1000 dilution;
Sigma), E-cadherin (1:1000 dilution; Transduction Laboratories, Lexington,
KY) and anti-Tac antibody (1:1000 dilution; Santa Cruz Biotechnology, Santa
Cruz, CA). Secondary antibodies used were Alexa 488–tagged anti-mouse
IgG and Alexa 568-tagged anti-rabbit IgG. TO-PRO-3 iodide was utilized for
nuclear staining (Molecular Probes, Eugene, OR). RET-PE2 antibody exhibits
no nonspecific staining in nontransfected MDCK cells. Immunostaining for
CD147, Tac, and E-cadherin was performed on nonpermeabilized cells. After
primary and secondary antibody incubations, cells were postfixed with 2%
PFA and then permeabilized for staining of �-catenin and with TO-PRO-3
iodide. Images were obtained on a laser scanning confocal microscope (Carl
Zeiss, Thornwood, NY) with a 63� oil objective. Serial (0.5 �m) x-y (en face)
and x-z sections (top to bottom) were collected and processed with LSM510
software (Zeiss) and Adobe Photoshop 5.0 (San Jose, CA). Images presented
here show individual confocal x-y section and the entire x-z section.

Domain-specific Cell Surface Biotinylation to Determine
Steady State Polarity
We performed domain-selective biotinylation to measure steady state polarity
of surface proteins as described previously (Le Bivic et al., 1990; Marmorstein
et al., 1998b). Briefly, either the basal or apical side of the filter was exposed to
cell impermeable sulfo-NHS-SS-biotin (0.5 mg/ml; Pierce, Rockford, IL) twice
successively for 20 min at 4°C. The biotinylation reaction was quenched in
PBS, containing 50 mM NH4Cl for 10 min. Biotinylated cells were lysed in 1%
Triton X-100 lysis buffer containing a protease inhibitor cocktail. Biotinylated
proteins were captured on streptavidin-agarose beads; after the beads were
washed and pelleted, the biotinylated proteins were analyzed by SDS-PAGE,
blotted onto a nitrocellulose filter, and analyzed for CD147 by Western blot
analysis with rabbit anti-CD147 antibody (a kind gift from Dr. James Bartles).
Domain-specific biotinylation was confirmed by Western blot with antibodies
to basolateral and apical markers, E-cadherin and gp114, respectively. Blots
were visualized by chemiluminescence (Amersham Pharmacia Biotech, Pis-
cataway, NJ). Bands were scanned and intensity was determined using Scion
image software (Scion Corporation, Frederick, MD). Biotinylation was per-
formed on each stable clone at least three times. A representative blot is
shown in each case.

Domain-specific Cell Surface Biotinylation for Protein-
targeting Assay and the Half-life Determination
We performed the targeting assay on the stable clones in MDCK cells over-
expressing either CD147 (WT)-GFP or CD147 (L252A)-GFP essentially as
described before (Marmorstein et al., 1998b). We utilized C-terminal GFP-
tagged CD147 for the assay, because RET-PE2 (against rat CD147) mAb was
not a very robust immunoprecipitating antibody. We used rabbit anti-GFP

antibody (Abcam, Cambridge, United Kingdom) for immunoprecipitation.
This antibody was highly specific and gave no nonspecific signal in nontrans-
fected MDCK cells. Confluent MDCK stable clones were grown on 2.4-cm
Transwell filters for 5 days after plating at a density of 1 � 106 cells per filter.
Cells were incubated for 40 min in starving medium (DMEM minus methi-
onine and cysteine, 0.2% BSA, and 20 mM HEPES) and pulsed for 30 min (for
targeting assay) or 4 h for half-life determination) with [35S]methionine/
cysteine (1 mCi ml�1 in starving medium; Perkin Elmer-Cetus) applied to the
basolateral membranes. A 4-h pulse was performed in starving medium
containing 1/10th the concentration of methionine/cysteine of regular me-
dium. Cells were then washed with PBS/CM and kept in chase medium
(DMEM, 2.5� Met/Cys and 10% FBS) at 37°C for various times. At the end of
each chase time point, the chase medium was removed and the cells were
cooled immediately on ice in a cold-room kept at 4°C. Cells were washed four
times in ice-cold PBS/CM containing 0.2% BSA. Domain-specific biotinyla-
tion was performed as described above. The filters were cut out, frozen at
�80°C and lysed the next day in 1 ml lysis buffer (1% Triton X-100, 150 mM
sodium chloride, 1 mM EDTA, 0.2% BSA, and 20 mM Tris-HCl at pH 7.4) for
30 min at 4°C. Cell lysates were centrifuged at 28,000 � g for 15 min at 4°C to
sediment the nuclei. Postnuclear supernatants were collected for immunopre-
cipitation, which was performed with rabbit anti-GFP antibody and protein A
beads (Pierce) overnight at 4°C. The immunoprecipitates were washed as
described (Marmorstein et al., 1998b) and nine-tenths of the eluted samples
were subsequently reprecipitated with streptavidin-agarose. One-tenth of the
eluted immunoprecipitate was used to measure total radioactive incorpora-
tion. The samples were analyzed by 12% SDS–PAGE. 35S-labeled proteins
were detected using uncoated phosphorscreens and analyzed on a STORM
860 Phosphorimager (Amersham, Piscataway, NJ). Data were quantified by
Imagequant version 1.2 (Amersham). The values obtained for the surface
biotinylated CD147 were normalized with the total immunoprecipitated
CD147 to control for the differential labeling of the filters.

Statistical Analysis
The graphical domain-specific distribution of different CD147 constructs was
expressed as mean value � SD (n � 3).

RESULTS

CD147 Exhibits Reversed Polarity in RPE Compared with
Extraocular Epithelial Cells
In our previous work, CD147 was localized to the apical
microvilli in the adult rat RPE in vivo in contrast to its
basolateral localization in rat kidney tubules and hepato-
cytes (Marmorstein et al., 1996, 1998a; Finnemann et al.,
1997). Here, we have used two well-characterized RPE cell
cultures, human fetal RPE and ARPE-19, to localize CD147.
As seen in Figure 1, endogenous CD147 is localized apically
in both polarized RPE cultures compared with its basolateral
localization in extraocular thyroid epithelial (FRT) cells, re-
iterating our previous observation that CD147 exhibits re-
versed polarity in RPE.

The Basolateral Signal of CD147 Consists of a Single
Leucine in the Cytoplasmic Tail
To unravel the molecular mechanisms behind the reversed
polarity of CD147 in RPE, our aim was to identify the
basolateral targeting domain of CD147. Because our previ-
ous studies implicated the cytoplasmic tail of CD147 in
basolateral targeting (Marmorstein et al., 1998a), we gener-
ated various truncations, deletions, and point mutations in
this region of CD147 and expressed them in a well-charac-
terized prototypic epithelial MDCK cell line (Figure 2). We
analyzed the steady state polarity of each construct using
laser scanning confocal microscopy and domain-specific bi-
otinylation. We did not find any notable difference in the
level of surface expression of the CD147 cytoplasmic con-
structs used in this study. As shown in Figure 3A, CD147
(WT) is basolaterally targeted in polarized MDCK cells.
Steady state biotinylation reveals that �70% of CD147 local-
izes basolaterally (Figure 3, B and C). Using a biotin assay
for endocytosis (Graeve et al., 1989; Marmorstein et al.,
1998b), we determined that CD147 does not enter the endo-
cytic pathway (unpublished data).
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To map the basolateral signal in the cytoplasmic tail of
CD147, we progressively truncated stretches of 11 amino acids
from the cytoplasmic tail of CD147. As seen in Figure 3A,
CD147 (262) devoid of its C-terminal 11 amino acids had a
steady state distribution similar to that of the wild-type protein
(Figure 3, B and C). In contrast, a 21-amino acid truncation of
the cytoplasmic tail resulted in mistargeting of CD147 (252) to
the apical domain (Figure 3). In stable MDCK clones, the
steady state distribution of CD147 (252) was 80% apical (Figure
3B and 3C). This suggested that CD147 harbors a basolateral
targeting signal between the 11th and 21st amino acid from the
C-terminal end, i.e., between amino acids 252 and 262. Not
surprisingly, CD147 (242) with a 30-amino acid C-terminal
truncation was also targeted apically (Figure 3).

To further dissect the region encoding the putative baso-
lateral signal, we next engineered internal deletions of four
amino acids within the target signal region of amino acids
252–262, as shown in Figure 2. CD147 mutants with deletion
of amino acids 259–263 or 256–259 were sorted basolaterally
(Figure 4, A–C). In contrast, deletion of amino acids 252–255
resulted in apical reversal of the polarity of CD147 (Figure
4A). Almost 80% of this CD147 mutant was mistargeted
apically (Figure 4, B and C). The above observations were
made independently by confocal microscopic analysis and

domain-specific biotinylation. Because amino acids 252–255
were found to be critical in basolateral sorting, our further
studies focused on analyzing the role of these amino acids
individually. Cytoplasmic tail amino acids 252–255 of
CD147 are leucine, lysine, glycine, and serine. We point-
mutated these four amino acids individually to alanine (Fig-
ures 5 and 6). Interestingly, mutating the hydrophobic
leucine to alanine (L252A) completely reversed the traffick-
ing of CD147. As seen in Figure 6, this leucine seems to be a
key component of the basolateral signal as 80% of CD147
(L252A) was localized to the apical domain. Point mutation
of lysine (253), glycine (254), and serine (255) to alanine did
not have any effect on basolateral targeting of CD147 (Figure
5). A single leucine motif has been identified as the basolat-
eral determinant in only one other protein, stem cell factor
(SCF; Wehrle-Haller and Imhof, 2001)

The Presence but not the Charge of Amino Acids at
Position 243–246 Is Essential for Basolateral Targeting of
CD147
The cluster of acidic amino acids residing N-terminal to
leucine 263 is critical for efficient basolateral targeting of
stem cell factor. Substitution of this acidic cluster to alanines
resulted in nonpolarized trafficking of stem cell factor (Wehrle-

Figure 1. CD147 is apical in RPE and basolateral in FRT cells. Localization of CD147 was performed by indirect immunofluorescence
labeling and confocal imaging. Staining was performed with antibody to human CD147 in human fetal RPE (A) and ARPE-19 cells (B) and
with anti-RET-PE2 antibody in FRT cells (C). Bar, 10 �m.
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Haller and Imhof, 2001). Moreover, an acidic cluster near the
di-hydrophobic motif (FI) is a basolateral targeting signal in
furin protease (Simmen et al., 1999). CD147 has a cluster of
acidic amino acids N-terminal to leucine 252. To determine the
role of this acidic cluster in CD147 localization, we initially
deleted amino acids 243–246 (DEDD). This deletion triggered
mistargeting of CD147 to the apical domain (Figure 6). Intrigu-
ingly, substitution of this acidic cluster with four alanine resi-
dues (243–246A) did not affect the basolateral targeting of
CD147 (Figure 7), suggesting that the presence of four residues,
irrespective of their identity and polar side-chain, are sufficient
for basolateral targeting, if leucine 252 is present. Probably,
some critical amino acids N-terminal to these four residues
(243–246) might have an accessory role in the basolateral tar-
geting of CD147. Thus, the residues 243–246 may maintain
appropriate spacing between leucine 252 and these putative
critical residues needed for recognition by basolateral sorting
machinery. Additionally, upon deletion of four amino acids
(248–251) that separate leucine 252 from amino acids 243–246,
the distribution of CD147 was found to be nonpolar. The equal
distribution of CD147 (248–251) between apical and basolateral
domains suggests that the preservation of the length of the
region between leucine 252 and amino acids N-terminal to it is
essential for efficient targeting of CD147 (Figure 7).

Determining the Role of Other Single Leucines and of
Amino Acids Juxtaposed to Leucine 252 in Basolateral
Trafficking of CD147
Altering any hydrophobic leucine could modulate the sec-
ondary and the tertiary structure of the cytoplasmic tail of
CD147. This may affect the recruitment of CD147 in vesicles
en route to the basolateral membrane. To address this pos-
sibility, we point-mutated two other leucine residues from
the cytoplasmic tail of CD147. As seen in Figure 8, CD147
(L242A) and CD147 (L259A) were both targeted basolater-
ally. Thus, leucines 242 and 259 do not play a role in deter-
mining the basolateral targeting of CD147. In addition to
tyrosine and di-leucine motifs, basolateral targeting signals
may include di-hydrophobic motifs, such as FI for furin
(Simmen et al., 1999), LV for CD44 (Sheikh and Isacke, 1996),
or LI and ML for invariant chains (Odorizzi and Trowbridge,
1997; Simonsen et al., 1997). In CD147, a di-hydrophobic
motif could result from proline 251 next to leucine 252
(although proline’s hydrophobicity is considerably lower
than that of leucine, isoleucine, phenylalanine, methionine,
and valine). Nonetheless, mutation of proline 251 to alanine
in CD147 (P251A) resulted in faithful basolateral targeting,
further confirming that the basolateral signal resides only in
leucine 252 (Figure 8).

Figure 2. A schematic representation of different cytoplasmic domain constructs of CD147 utilized in this study. A dotted line suggests
deleted amino acids and bold and underlined amino acid represents substitution by point mutation. BL, basolateral; AP, apical; NP, nonpolar.
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The Basolateral Signal of CD147 Is Transplantable to
Other Proteins
The extracellular domain of a CD147 could aid in trafficking
of the protein by dimerization or by association with other

proteins (Yoshida et al., 2000). To determine whether the
extracellular domain of CD147 has any independent traffick-
ing function, we fused the transmembrane and cytosolic
domains of CD147 with the extracellular domain of Tac, the

Figure 3. Basolateral signal of CD147 resides between 11–21 amino acids from the C-terminal. (A) Confocal images (xy and xz view)
obtained by staining with anti-RET-PE2 antibody. An individual xy section is shown. MDCK cells overexpressing CD147 (252 and 262) are
also stained for nuclei with TO-PRO-3 iodide. (B) Steady state polarity was determined by domain-selective biotinylation. Biotinylated
proteins were captured by streptavidin-agarose and Western blotting was performed with rabbit anti-CD147 antibody. A 50-kDa band of
CD147 was observed. (C) Quantification of distribution between basolateral (BL) and apical (AP) domains (n � 3) of wild-type and different
cytoplasmic mutants of CD147 stably expressed in MDCK cells. Bar, 10 �m.
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interleukin-2 receptor alpha chain. Full-length Tac is tar-
geted apically in MDCK cells (Figure 9A). In contrast, the
Tac-CD147 (WT) chimera was delivered basolaterally (Fig-

ure 9B). Abrogating the leucine signal in Tac-CD147 (L252A)
or deleting the acidic amino acid cluster Tac-CD147 (d243–
246) from the cytoplasmic tail of the Tac-CD147 chimera

Figure 4. Basolateral signal of CD147 lies between amino acids 251–254. MDCK cells stably expressing different CD147 constructs with four
amino acid deletions were subjected to immunofluorescence and domain-specific biotinylation (A) Confocal images (single xy section and xz
view) obtained by staining MDCK cells with anti-RET-PE2 antibody. (B) Steady state distribution of various CD147 mutants by cell surface
biotinylation and detection of biotinylated CD147 by Western blotting with rabbit anti-CD147 antibody. (C) Quantification of the percentage
distribution of CD147 mutants between basolateral (BL) and apical (AP) domains (n � 3). Bar, 10 �m.
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Figure 5. Amino acids 253–255 are not involved in basolateral trafficking of CD147. The horizontal (xy) and vertical (xz) confocal images of
MDCK stable clones expressing CD147 constructs and stained with anti-RET-PE2 antibody (A) along with domain-specific biotinylation and
Western blotting for CD147 (B) and the quantification of the polarized distribution (C) show basolateral localization of all the three constructs
of CD147 harboring point mutations. BL, basolateral; AP, apical. Bar, 10 �m.
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perturbs the basolateral targeting because both chimeric
proteins are localized in the apical domain (Figure 9C and
9D). Thus, the cytoplasmic domain of CD147 acts as a trans-
plantable basolateral signal.

CD147(WT) and CD147(L252A) Are Targeted Directly to Their
Site of Steady State Accumulation and Have Similar Half-lives
To obtain more insight into the events that lead to different
steady state localizations of CD147(WT) and CD147(L252A),
we studied their biosynthetic targeting by pulse-chase anal-
ysis and domain-specific surface biotinylation. The assay

was performed in stable MDCK clones expressing similar
levels of GFP-tagged CD147(WT) or GFP-CD147(L252A).
The GFP tag at the C-terminus did not affect the targeting of
the molecules (see Supplementary Material). GFP-tagged
CD147 was used for this assay because of lack of robust
immunoprecipitating antibody against rat CD147. As seen in
Figure 10A, CD147(WT)-GFP was directly targeted to the
basolateral membrane. Notably, the CD147(L252A)-GFP
mutant was also directly delivered to its steady state apical
localization. Moreover, the L252A mutation did not affect
the half-life of CD147 (Figure 10B). The half-lives of CD147

Figure 6. Leucine (252) and amino acid cluster (243–246) are both essential for basolateral targeting of CD147. Independent analysis by
immunofluorescence staining with anti-RET-PE2 antibody and confocal imaging (single xy section and xz view) (A) and domain-specific
biotinylation and detection of CD147 by Western blot analysis (B) show that by mutating leucine (252) and deleting amino acid cluster
243–246, CD147 exhibits reversed polarity and is targeted to the apical domain. On quantification, an average of 80% of the steady state
protein was found to reside in the apical membrane (n � 3) (C). In A, �-catenin (red) represents the lateral staining. Nuclei are stained with
TO-PRO-3 iodide (blue) and CD147 (green) was stained with anti–RET-PE2 antibody. BL, basolateral; AP, apical. Bar, 10 �m.
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(WT) and CD147 (L252A) were both �12–16 h as determined
by two independent experiments. In addition, we deter-
mined that both proteins have similar half-lives at basolat-
eral and apical membranes (Figure 10B).

CD147 Does Not Utilize Adaptin AP1B for Basolateral
Sorting
In the porcine kidney epithelial cell line LLC-PK1 some
basolateral membrane proteins like H,K-ATPase, low-
density lipoprotein receptor, and transferrin receptor ex-
hibit a defect in targeting, resulting in their appearance at
the apical surface (Roush et al., 1998, Folsch et al., 1999;
Gan et al., 2002). This defect is due to the absence of the
�1B subunit of the adaptin AP1B in these cells (Ohno et
al., 1998; Roush et al., 1998; Folsch et al., 1999). Although
AP1B has affinity for a consensus tyrosine motif, it has
been shown that the beta-subunit of AP1 can bind to a
leucine motif. Alternatively, an accessory protein like
PACS-1 might be acting as a piggy-back linker associating
CD147 to AP1B (Rapoport et al., 1998; Wan et al., 1998).
Moreover, AP1B has been implicated in targeting cargo

directly at the biosynthetic pathway as well as in the
recycling route (Folsch et al., 1999, 2003; Gan et al., 2002)
Thus, we transfected CD147 into LLC-PK1 cells to directly
test the involvement of AP1B in its basolateral localiza-
tion. The stably transfected LLC-PK1 clones exhibited
basolateral polarity of CD147 (WT; Figure 11). This find-
ing rules out the involvement of AP1B machinery in re-
cruiting and transporting CD147 to the basolateral do-
main. The CD147 (L252A) mutant was targeted apically in
LLC-PK1 cells (Figure 11). Thus the sorting machinery
responsible for basolateral sorting of CD147 is present in
both MDCK and LLC-PK1 cells and recognizes L252.
GGAs are known to sort proteins with an acidic cluster–
di-leucine motif from Golgi to the endosomal system (Pu-
ertollano et al., 2001). To determine any interaction of the
leucine-based signal of CD147 with GGAs, we performed
yeast two-hybrid screening of the interaction between the
cargo-binding VHS domain of GGAs1–3 and the cytoplas-
mic domain of CD147. We detected no direct interaction
of CD147’s cytoplasmic tail with the VHS domain of the
adaptins GGA1–3 (unpublished data).

Figure 7. Role of acidic amino cluster 243–246 and amino acid 248–251. Substitution of acidic amino acid cluster with alanines did not affect
the basolateral targeting of CD147. Deletion of amino acids 248–251 separating leucine 252 and amino acid 243–246 resulted in nonpolar
distribution of CD147. (A) Confocal sections (single xy section and xz view) obtained by immunostaining with anti–RET-PE2 antibody (B).
Cell surface biotinylation and Western blot analysis for CD147 (C). Quantitation of percentage of surface distribution of CD147 in stable
MDCK clones expressing these two constructs of CD147. BL, basolateral; AP, apical. Bar, 10 �m.
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Figure 8. Only leucine 252 is involved in basolateral targeting of CD147. Mutating leucine 242 and leucine 259 to alanine, basolateral
targeting of CD147 is not affected. Proline 251, adjacent to leucine 252, does not influence the targeting of CD147. Inference was drawn by
performing immunostaining with anti–RET-PE2 antibody and confocal analysis (A) and steady state domain-specific biotinylation of the
above constructs and detection of biotinylated CD147 by Western blot analysis (B). The distribution of surface biotinylated protein was
performed to determine domain-specific distribution of CD147 stable clones obtained from transfecting above constructs (C). BL, basolateral;
AP, apical. Bar, 10 �m.
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ARPE-19 Cells Do Not Recognize the Basolateral Sorting
Signal of CD147
ARPE-19 is a spontaneously derived human RPE cell line
that retains various characteristics of RPE in situ (Dunn et al.,
1996). ARPE-19 cells were polarized for 6 weeks on laminin-
coated Transwell filters. We transfected both the polarized
ARPE-19 cells and polarized MDCK cells with cDNAs of
CD147(WT)-GFP, CD147 (L252A)-GFP, Tac-CD147 (WT),
and Tac-CD147 (L252A). Unlike polarized MDCK cells,
ARPE-19 cells failed to recognize the basolateral signal of
CD147 and did not distinguish the CD147 with or without
leucine 252. As seen in Figure 12, the wild-type as well as
leucine mutant of CD147 are targeted apically along with
endogenous human CD147. As expected, MDCK cells dis-
criminated between these two constructs and targeted
CD147 (WT) to the basolateral membrane and CD147
(L252A) to the apical membrane. An alternative interpreta-
tion of these results is that RPE cells might “read” a cryptic
apical signal present in the ectodomain of CD147 that is
dominant over the cytoplasmic basolateral signal, resulting
in the observed apical sorting of CD147 in RPE. To address
this issue, we transfected ARPE-19 cells with a chimera of
the ectodomain of the Tac and the transmembrane and
cytoplasmic domains of wild-type or L252A CD147 (Tac-
CD147). We found the Tac-CD147 chimera was targeted

apically in ARPE-19 cells (Figure 12) and the Tac-
CD147(L252A) chimera was targeted apically both in MDCK
and ARPE-19 cells (unpublished data). These experiments
support the idea that the basolateral signal in the cytoplas-
mic domain of CD147 is not recognized by RPE.

Finally, we tested the sorting of the other protein known
to have a monoleucine basolateral signal, SCF. SCF-GFP was
mainly cytoplasmic in ARPE-19 cells; however, a few ARPE
cells targeted it apically. MDCK targeted SCF-GFP to the
basolateral membrane (Figure 12; Wehrle-Haller and Imhof,
2001).

DISCUSSION

The striking reversed polarity of CD147 in RPE cells elicited
our interest in understanding the sorting signals in this
protein. Because the cytoplasmic domain of CD147 is devoid
of well-characterized basolateral signals, such as tyrosine
and di-leucine motifs, we undertook a systematic approach
to localize basolateral targeting information in CD147. Our
detailed analysis identified a single leucine as the basolateral
targeting motif of CD147. This type of basolateral signal has
been described in only one other protein, the stem cell factor
(Wehrle-Haller and Imhof, 2001). The importance of leucine
252 in the biology of CD147 is underscored by its conserva-

Figure 9. Basolateral signal of CD147 is transplantable to other proteins. The confocal images (individual xy section and xz view) show that
full-length Tac is targeted to the apical membrane (A), whereas Tac-CD147 (WT) chimera is rerouted to the basolateral membrane (B). The
basolateral targeting of the chimera was abrogated by point mutating leucine 252 to alanine in Tac-CD147 (L252A) (C) and deleting acidic
cluster Tac-CD147 (243–246) (D), emphasizing the role of these two motifs present in the cytoplasmic domain of CD147 in determining
basolateral membrane delivery. Immunostaining was performed with anti-Tac antibody. Bar, 10 �m.
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tion in human, mouse, rat, chicken, hamster, and zebrafish
(Figure 13).

The CD147 signal, however, was not identical to the ba-
solateral signal of stem cell factor. Unlike stem cell factor,
basolateral targeting of CD147 does not require an acidic
amino acid cluster, because replacement of these amino
acids by alanines did not result in apical mistargeting. It is
likely that in CD147 these residues may not participate in
electrostatic interaction with the sorting machinery, but a
stretch of four amino acids at the position 243–246 may only
be needed to maintain appropriate spacing between leucine
252 and some critical residues N-terminal to these four
residues. This is suggested by the observation that deletion
of residues 243–246 promote apical targeting of CD147 (Fig-
ure 6). In contrast, in stem cell factor, replacing the acidic
cluster with alanines results in nonpolar distribution of the
protein by immunofluorescence (Wehrle-Haller and Imhof,
2001; no biochemical analysis of polarity was performed in
that study). It will be interesting to determine whether the

difference in the stringency of the requirement for the acidic
cluster reflects interaction with different sorting components
or just a flexible interaction with the same sorting machin-
ery. The sorting signal of CD147 shares with the basolateral
signal of polymeric IgG the requirement for a single amino
acid in basolateral targeting. The basolateral targeting do-
main of the polymeric IgG receptor includes a mono-valine
in a �-turn conformation in addition to three and four amino
acids N-terminal to valine (Aroeti et al., 1993). We subjected
the cytoplasmic tail of CD147 to �-turn prediction by five
different statistical algorithms (Kaur and Raghava, 2002a,
2002b). As deduced by these algorithms, leucine 252 does
not have a propensity for acquiring a �-turn conformation,
possibly implying that the signal of CD147 is distinct from
that of polymeric IgG receptor.

Various cytoplasmic constructs of CD147 gave us interest-
ing insights on the structural requirements of CD147’s ba-
solateral determinant. Deletion of four amino acids (248–
251) between leucine 252 and amino acids 243–246 prevents

Figure 10. Direct delivery of CD147 (WT) and CD147 (L252A) to steady state membrane domains and L252A mutation and the stability of
CD147. (A) Targeting assay followed by domain selective biotinylation in MDCK stable clones overexpressing CD147 (WT)-GFP and CD147
(L252A)-GFP imply that both the proteins are targeted directly to their site of steady state accumulation. Percentage of surface biotinylated
CD147 was calculated by normalizing with total (immature form at 60-kDa and mature form at 75 kDa) immunoprecipitated CD147. The
graphical representation of polarized distribution of CD147 (WT)-GFP and CD147 (L252A)-GFP represents the average of five independent
experiments. (B) Stability of CD147 (WT)-GFP and CD147 (L252A)-GFP was similar as assessed by chasing the proteins for 16 h. Both the
proteins have similar half-lives at the apical and the basolateral membranes. Results are from two independent experiments.
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efficient targeting of CD147 (Figure 7). Probably, because of
change in the spacing and the structural alterations imposed
by deleting these four amino acids (248–251) the sorting
machinery may be binding to leucine 252 of this mutant less
efficiently, leading to nonpolar distribution of this CD147
mutant.

Modulating the hydrophobicity of the protein structure by
mutating leucine to alanine would affect the secondary and
tertiary structure of the protein. This may in turn affect its
trafficking properties in a nonspecific manner. We addressed
this issue by mutating two other leucine residues (242 and
259) along with leucine 252. As seen in Figures 6 and 8, only
leucine 252 is crucial for basolateral trafficking of CD147; the
other two leucine residues did not alter trafficking of CD147.
Moreover, the possible involvement of a di-hydrophobic
signal was ruled out, because mutating a proline residue
adjacent to leucine 252 did not alter the polarity of CD147
(Figure 8). A CKII phosphorylation motif plays a critical role
in sorting of the cation-independent mannose 6-phosphate
receptor (Kato et al., 2002). CD147 harbors the putative CKII
motif juxtaposed to the critical acidic cluster (TLDEDD). A
role for CKII phosphorylation in sorting was ruled out,
because mutating a threonine residue (T241A) within this
domain did not affect the basolateral transport (unpublished
data). A conservative substitution of leucine 252 to isoleu-
cine did not affect the basolateral targeting of CD147 (see
Supplementary Material).

We performed targeting assays to determine the delivery
route of CD147 (WT) and CD147 (L252A) to their respective
steady state membrane domains. Our results suggest that
both the WT and the L252A mutant are delivered directly to
the basolateral and apical membrane, respectively (Figure
10A). This observation indicates that CD147 (WT) or L252A
mutant do not utilize a transcytotic route in MDCK cells.
Perturbing the basolateral motif in the L252A mutant may
unmask a recessive cryptic apical signal that may direct
targeting to the apical membrane. The L252 mutation did
not affect the stability of the protein, because its half-life was
similar to the CD147 (WT) (Figure 10B).

We made an attempt to identify an adaptin involved in
trafficking of CD147. CD147 was expressed in LLC-PK1 cells,
known to lack the �1B subunit (Ohno et al., 1998; Roush et
al., 1998; Folsch et al., 1999). Absence of this subunit did not
affect the basolateral trafficking of CD147, implying the in-
volvement of adaptins other than AP1B (Figure 9). We per-
formed yeast two-hybrid screening of the cytoplasmic tail of
CD147 with the VHS-domain of the monomeric adaptors
GGA 1–3 known to bind cargo with acidic cluster–di-leucine
motifs (Puertollano et al., 2001). We observed no interaction
in our in vitro analysis (unpublished data). In our future
studies involving different APs, we will utilize the new
technique of yeast three-hybrid assay, which attempts to
recapitulate in situ interactions involving hemicomplexes of
AP adaptors (Janvier et al., 2003). In this in vitro assay, two
subunits of the AP complex were used to determine the
interaction with di-leucine–based sorting signal. We shall
extend our interaction studies in the future to include vari-
ous non-AP adaptors such as epsin, STAM, and Hrs (Boni-
facino and Traub, 2003). An additional probability is that
sorting of CD147 does not involve cognate adaptors and is
mediated by direct interaction with a motor, as shown for
rhodopsin (Tai et al., 1999). Identification of AP- or non-AP–
based sorting machinery for CD147 and detailed structural
analysis of its interaction with leucine 252 of CD147 should
provide insights on the mechanisms of recognition and spec-
ificity achieved through a single leucine residue.

ARPE-19 cells are a spontaneously immortalized human
RPE cell line. These cells are among the best in vitro models
for polarity studies of RPE (Dunn et al., 1996, 1998). These
cells require �6 weeks to express differentiation-specific
genes including RPE65 and CRALBP (Alizadeh et al., 2001).
Moreover, the cells were cultured in Chee’s essential re-
placement medium known to aid RPE cells in differentiation
(Hu and Bok, 2001). As seen in Figure 12, our observation
confirms that RPE cells do not recognize the basolateral
motif of CD147 and unlike polarized MDCK cells, RPE cells
cannot distinguish between wild-type and leucine (L252A)
mutant. To determine whether silencing of the putative

Figure 11. Trafficking of CD147 is not mediated by adaptin AP1B. LLC-PK1 cells lacking the adaptin AP1B were transfected with CD147
(WT) and CD147 (L252A) cDNA. Filter grown stable clones obtained were analyzed for localization of CD147 by immunofluorescence with
anti–RET-PE2 antibody. The confocal individual xy section and xz view images show basolateral and apical distribution of CD147 (WT) and
L252A mutant, respectively. Bar, 10 �m.
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apical signal harbored in CD147 ectodomain may affect the
targeting in ARPE-19 cells, polarity of the Tac-CD147 chi-
mera lacking CD147 ectodomain was assessed and was still
found to be apical. Thus, the replacement of the CD147
ectodomain does not lead to recognition of cytoplasmic ba-
solateral motif of CD147 in RPE. The targeting of SCF-GFP,

the only other known leucine-based basolateral signal in
ARPE-19 cells would have helped us extend our conclusion
that the basolateral leucine motif is not recognized in RPE.
However, SCF-GFP was found to be cytoplasmic in most of
ARPE-19 cells with few cells expressing it apically, making it
difficult to generalize our findings in such a way.

Figure 12. ARPE-19 cells do not recognize basolateral sorting motif of CD147. A vertical view (xz) of polarized MDCK and ARPE-19
monolayers transfected with various cDNAs. Immunofluorescence analysis was performed on polarized monolayer 48h posttransfection.
MDCK and ARPE-19 cells were costained for E-cadherin and endogenous human CD147 respectively. ARPE-19 cells do not recognize the
leucine motif of CD147 in either full-length CD147 or Tac-CD147 chimera. Bar, 10 �m.

Figure 13. Leucine 252 (bold and underlined) is conserved in the cytoplasmic domain of CD147 across species.
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Understanding how RPE cells avoid recognition of a ba-
solateral sorting signal recognized by other epithelial cells
will require in-depth analysis of expression patterns of dif-
ferent adaptins and of the trafficking machinery in polarized
cells where they are sorted actively. The unique trafficking
properties of RPE might also be attributed to the expression
of different members of SNARE fusion machinery (Li et al.,
2002; Low et al., 2002). Plasma membrane SNAREs of RPE
cells will be one more tool in unraveling the molecular
mechanisms responsible for the trafficking plasticity of RPE.
Moreover, the environmental cues triggered by photorecep-
tors and interphotoreceptor matrix during developmental
stages could also play a significant role in dictating traffick-
ing pathways.

Proton-linked monocarboxylate transporter (MCT)/lac-
tate family members are involved in transport of lactate,
pyruvate, acetoacetate, and �-hydroxybutyrate. Interaction
of CD147 with two members of the MCT family, namely
MCT 1 and MCT4, was recently reported (Kirk et al., 2000).
These findings also suggest a critical role of CD147 in mem-
brane targeting of MCTs. However this issue was not ad-
dressed in the context of polarized targeting. Intriguingly,
Philp et al. (2003) observed loss of MCT1, MCT4, and MCT3
(RPE-specific MCT transporter) expression in the retina and
the RPE of CD147 knockout mice. This critical observation
made in CD147 knockout mice highlights the pivotal role of
this chaperone in lactate metabolism. Hence, the knowledge
of CD147’s membrane targeting domain will be very useful
in understanding the trafficking of MCTs.

In conclusion, we have identified a novel basolateral sort-
ing motif in CD147 consisting of a single leucine. In the
future, this sorting domain will be used as a tool to study the
sorting machinery recruited in extraocular epithelial cells
and the molecular machinery involved in suppressing rec-
ognition of this sorting signal in RPE.
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